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environments, affecting the performance and durability of the 
sensors. Besides, the size of most of the electronic sensors, 
ranging from few to tens of millimeters, could limit their use. 
Some of these drawbacks are difficult to overcome and have 
opened the door to other technologies such as optical sensors. 
Among them those based on optical fiber technology have 
demonstrated a good capacity in dealing with these limitations. 
Other advantages of the fiber-optic sensors over their 
electronic counterparts are the high sensitivity, lightness, 
capability for multiplexing and remote sensing [6]. 
Furthermore, they are biocompatible, allowing them to be 
used in bio-medical sensing applications within the human 
body. In recent years, an important number of optical fiber 
sensors to measure RH have been proposed, in reflection and 
transmission configurations, based on the optical absorbance, 
fluorescence, or evanescent field interaction using long-
period gratings [7], fiber Bragg gratings [8], hetero-core 
fiber structures for multimode interference [9], core-
exposed fiber [10], lossy mode resonances [11], fiber 
Mach-Zehnder interferometers [12], [13] and fiber Fabry-Perot 
interferometers (FFPI) [14]-[24]. Special attention has been 
paid to FFPI-based RH sensors since they are simple to 
fabricate, highly stables, and ultra-compact. An important 
number of high-performance RH sensors based on single 
and dual fiber Fabry-Perot interferometers (FFPI and 
DFFPI) has been proposed using single-mode [15], [16], 
microstructure [17], photonic crystal [18], four-holes 
suspended-core [19], or multimode [20] fibers. In these 
approaches fibers have been coated with RH-sensitive 
materials such as polymethyl methacrylate (PMMA) [15], 
polyvinyl alcohol (PVA) [18], optical adhesives [16], [19], 
[21], Nafion [20], and thin films of SnO2 [17], [24], 
Al2O3 [22], or TiO2/SiO2/TiO2 [23]. Some of these schemes 
were also capable to sense temperature simultaneously [17–
19], however, both parameters were monitored by tracking 
the phase shift of the interference pattern. The analysis of 
the changes in the reflectance of the FFPI, due to 
changes in the RH of the surrounding environment, has 
been traditionally carried out in 
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Abstract—An optical fiber tip interferometer for 
the measurement of relative humidity (RH) and 
temperature is proposed. The optical fiber structure used, a 
dual-cavity optical fiber Fabry-Perot interferometer (DFFPI), is 
simply-to-fabricate, compact, and robust. The reflectance 
(RDFFPI) of the interferometer is sensitive to the 
refractive index (RI) and temperature of the external 
medium. Consequently, when the cross-section of the fiber tip 
was coated with a SnO2 thin film, whose RI changes according 
to the humidity of the surrounding ambient, the measurement of 
the RH was possible. An increment of the RH produced a 
decrement of RI of the SnO2 thin film, then the reflectance of 
the fiber tip end-face diminished, and this produced a 
decrement of the visibility of the interference fringes. The 
analysis of the RDFFPI was carried out in the Fourier domain, 
using a novel processing method it was possible to establish that 
the amplitude of two peaks of Fourier spectrum changed at a 
ratio of 39.49x10-3 %RH-1 in the range of 40 to 90 RH%. On the 
other hand, the temperature of the humidity chamber was 
monitored, from 25 to 60 °C at a fixed RH%, by analyzing the 
phase shift of the interference pattern produced by the changes 
in the optical path length of the cavities. The good 
sensitivity, stability, reproducibility, and compactness of the 
fiber tip RH sensor make this proposal very appealing in a wide 
range of applications.   
Index Terms— Dual sensor, Fabry-Perot interferometer, 
Fourier Transform, Relative humidity, temperature  
I. INTRODUCTION
RELATIVE humidity is defined as a percentage ratio of the
current absolute humidity to its maximum value under the 
same temperature conditions [1]. The accurate measurement of 
RH is crucial for the precise control of different processes in 
several strategic fields such as health [2], food processing [3], 
agriculture [4], or electronic manufacturing [5]. Nowadays, the 
electronic versions of the RH sensor are commonly used in 
industry due to its availability and low-cost. However, the 
response of this kind of sensors is significantly disturbed by the 
high level of electromagnetic noise present in most industrial 
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wavelength domain, tracking the displacement of the peaks or 
valleys [13,14,17,22–25]. Unfortunately, wavelength tracking 
is complicated to use in the case of the DFFPI, or in general in 
devices where two or more interference spectra are superposed 
on an optical spectrum. For this kind of devices, the analysis of 
the spectrum in the Fourier domain have been resulted the best 
option [16]. 
In this work, we proposed and demonstrated an optical fiber 
sensor for the monitoring of RH using a DFFPI coated with 
SnO2. The structure of the sensor head, a micrometric section 
of capillary fiber (CF) inserted between a lead-in single-mode 
fiber (SMF) and a micrometric piece of SMF, is straightforward 
and easy-to-fabricate. The cross-section of the SMF tip end-
face was coated with SnO2 thin film by sputtering. When fiber 
sensors were exposed to different RH conditions, the SnO2 thin 
film suffered a change in its refractive index that modulated the 
intensity of the light reflected. Consequently, the reflectance 
(RDFFPI) of the SnO2-coated DFFPI, a wavelength modulated 
spectrum, exhibited a change in the interference fringe 
visibility. These changes are difficult to follow in the optical 
domain, therefore, each spectrum was transformed to Fourier 
domain. The typical spectrum of the DFFPI exhibited a series 
of peaks corresponding to the optical path lengths of each 
cavity. It was possible to establish a one-to-one relationship 
between the RH and the amplitude of two of the peaks. On the 
other hand, the temperature was monitored by analyzing the 
phase of the spectrum at a fixed value of the optical path length 
(OPL). This point sensor showed good sensibility and 
repeatability to RH and temperature, in the measurement range 
of 40 to 90% and 25 to 60 °C, respectively. 
II. FABRICATION AND CHARACTERIZATION OF THE DFFPI
To fabricate the DFFPI a semi-automatic, portable and 
reconfigurable mechatronic platform was designed and 
constructed [26], this stage allowed to cleave optical fiber with 
micrometric precision. The fabrication process of the DFFPI is 
depicted in Fig. 1. Firstly, SMF (9/125) and CF (62/125) were 
spliced using a S123C (Furukawa Electric Co.) fusion splicer 
(Fig. 1(a)). Then, the ends of the fiber structure were fixed to a 
pair of PC controlled translation stages (MTS25-Z8, 
THORLABS), previously aligned and separated 40 cm 
approximately. The SMF and CF splice was set to coincide with 
the blade of the fiber cleaver (FC-6, Sumimoto Electric), placed 
between the translation stages. A digital camera, attached to a 
commercial 40X stereo microscope objective (Edmund Optics), 
was used to monitor the fiber position respect to the cleaver 
blade, used as a reference position. Fiber splice was displaced a 
distance 𝐿1 and CF was cleaved (Fig. 1(b)). The first cavity was
formed when a SMF was spliced to the CF as is illustrated in 
Fig. 1(c). The second cavity was formed when SMF was 
cleaved following the same aligning and cleaving process 
described previously. The final structure of the DFFPI, SMF-
CF-SMF, is shown in Fig. 1(d).  
𝐼0
Fig. 1. Illustration of the DFFPI fabrication. 
The intensity of the light reflected by the DFFPI (Ir) is 
described by Eq. 1, where it is possible to distinguish three 
interference terms. The three beams involved were generated 
by the interfaces SMF-CF, CF-SMF and SMF-external medium 
whose reflectivity are 𝑅0, 𝑅1, and 𝑅2, respectively [27].
𝐼𝑟 = [𝑅0 + 2𝐴(1 − 𝑅0)√𝑅0𝑅1 cos(2𝑘𝐿1𝑛0 + 𝜋) + 2𝐴2(1 −
𝑅0)
2(1 − 𝑅1)√𝑅1𝑅2 cos(2𝑘𝐿1𝑛1 + 𝜋) + 2𝐴(1 − 𝑅0)(1 −
𝑅1) √𝑅0𝑅2cos(2𝑘(𝐿1𝑛0+𝐿2𝑛1) + 𝜋) + 𝐴2(1 − 𝑅0)2(1 −
𝑅1)
2𝑅2 + 𝐴2(1 − 𝑅0)2𝑅1]𝐼0                                          (1)
𝐼0 is the intensity of light delivered by the lead-in SMF, 𝑛0, 𝐿1, 
and 𝑛1, 𝐿2 are the refractive index and length of the first (CF) 
and second (SMF) cavity, respectively. 𝐴 = (1 − 𝛼) represents 
the transmission loss coefficient. The wavenumber is 
represented by 𝑘, and the reflectivity of the first and second 
surface is calculated using  𝑅0,1 = ([𝑛1 − 𝑛0]⁄[𝑛1 + 𝑛0])2. It is 
evident that Ir depends on the RI of the external medium (𝑛𝑒𝑥𝑡 ) 
since 𝑅2 = ([𝑛1 − 𝑛𝑒𝑥𝑡]⁄[𝑛1 + 𝑛𝑒𝑥𝑡 ])2 [27,28].
The characterization of the DFFPIs was made using a light 
source (Agilent 83437A) centered at 1550 nm, an Optical 
Spectrum Analyzer (OSA) HP86142A and an optical fiber 
circulator. The fiber tip was immersed in different Cargille oils 
with a calibrated RI. The experimental reflectance RDFFPI, 
defined as 
𝐼𝑟, obtained with one of the devices fabricated,  𝐿1 =
57.40 𝜇𝑚 and 𝐿2 = 261.32 𝜇𝑚, is shown in Fig. 2(a).  It is 
evident that the fringe contrast of the modulation decreased 
when 𝑛𝑒𝑥𝑡  increases within the range 1 < 𝑛𝑒𝑥𝑡 ≤ 𝑛1. When 
fiber tip facet was in contact with a Cargille oil with a RI higher 
than 𝑛1, the contrast of the interference pattern increases. The
amplitude of the peaks of the Fourier Transform (FT), 
calculated using the signal processing algorithm described in 
reference [29], is shown in Fig. 2(b). The maximum amplitude 
of the first, second and third peak, around the OPL value of 57, 
261 and 318 µm, are referred as 𝑃1, 𝑃2 and 𝑃3, respectively. It is 
important to notice that peaks of the Fourier spectra are not 
overlapped, this facilitate the individual analysis of the changes 
in the position and the amplitude of each peak due to external 
perturbations. The position of the peaks is directly related to 
the length of the interferometer cavities. The length of the 
first cavity was decided to be larger than 50 µm to ensure 
that position of the first peak was far from the y-axis in 
Fourier spectrum. In order to avoid the overlapping of first and 
second peaks the length of the second cavity should be at 
least two times larger than that of the first cavity [30]. The 
calibration 
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𝑎𝑖𝑟 is the maximum of peak 1
amplitude when DFFPI was surrounded by air. The ambiguous 
behavior of the curve, i.e. two different values of 𝑛𝑒𝑥𝑡  produce 
the same 𝑅𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒  value, is the main drawback of the Fresnel 
reflection-based fiber interferometers. 
Fig. 2. Experimental spectra of the RDFFPI in (a) the optical and (b) Fourier 
domain obtained for four different Cargille oils. (c) Characterization curve of 
the DFFPI, representing the evolution of the RAmplitude respect to changes of next. 
III. SENSING PRINCIPLE OF THE DFFPI COATED WITH A 
HUMIDITY-SENSITIVE LAYER 
Fig. 3. Representation of a DFFPI with a thin film of SnO2 deposited over the 
fiber tip end-face. 
It has been demonstrated that RDFFPI is dependent on the 
reflectance of the end-face of the fiber tip interferometer, 
which can be modified by changing the RI of the fiber tip 
surrounding media [27-29]. This property was exploited to 
demonstrate DFFPI-based humidity sensors, by simply 
covering the fiber tip end-face with a material whose RI is 
dependent on the RH of the surrounding environment. Among 
the number of humidity-sensitive materials used so far 
[15-23], tin oxide possesses unique optical properties, such 
as high optical transparency in a wide spectral band [31]. 
Furthermore, at low concentrations this material exhibits an 
excellent chemical stability and low toxicity [2]. However, 
the most important feature for sensing applications is the 
capacity to vary its optical properties under the presence of 
some gases [32–34] or changes in humidity conditions 
[11,16,35,36]. The humidity sensitivity of SnO2 is related to 
the presence of oxygen species on the surface, produced 
by the physisorption and capillary condensation of water 
molecules on the surface of the material when RH 
increases [37], [38]. 
The schematic representation of the DFFPI coated with 
SnO2 thin film proposed for RH sensing is showed in Fig 3. 
The Ir of the DFFPI coated with SnO2 is described by the 
equation (1) but the reflectance of the last surface is described 












;  𝑟23 =
𝑛𝑓𝑖𝑙𝑚−𝑛𝑒𝑥𝑡
𝑛𝑓𝑖𝑙𝑚+𝑛𝑒𝑥𝑡
 ;  𝑘𝑓𝑖𝑙𝑚 =
4𝜋∙𝑛𝑓𝑖𝑙𝑚∙𝑑𝑓𝑖𝑙𝑚
𝜆
   (3) 
Where 𝑛𝑓𝑖𝑙𝑚 and 𝑑𝑓𝑖𝑙𝑚 are the refractive index and thickness
of the SnO2 film. It can be observed that the reflected intensity 
is dependent on the thickness and RI of the thin film and the RI 
of the external medium. Since the RI of SnO2 is modified by 
humidity conditions it is feasible to monitor the humidity 
changes by measuring the reflected intensity of the DFFPI. In 
order to corroborate this hypothesis a series of experiments with 
DFFPI coated with tin oxide thin film were carried out.  Firstly, 
a DFFPI, with cavity lengths of 𝐿1 = 57.40 𝜇𝑚 and 𝐿2 =
261.32 𝜇𝑚, was introduced in the vacuum chamber of the 
sputtering machine (Pulsed DC-Sputtering System Nadetech 
Inc.) and coated with tin oxide. SnO2 with a purity of 99.99% 
was purchased from ZhongNuo Advanced Material 
Technology Co. The sputtering process was done at 9x10-
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3 mbar and 90 mA for 20 seconds. In order to monitor the 
evolution of the reflectance of the DFFPI during the sputtering 
process, the device was spliced to the second port of an optical 
fiber circulator, the first and third ports were used to connect 
the light source and the OSA, respectively. 
Fig. 4. (a) Experimental spectra of the DFFPI reflectance during the SnO2 
deposition. (b) The Fourier spectra of the experimental signal. 
The spectra of the reflectance, shown in Fig. 4(a), were 
recorded before (green graph), during (orange graph) and after 
(blue graph) the sputtering process. The final interference 
pattern exhibited a red shift and a notorious increment on the 
fringe visibility. Those spectra were transformed to Fourier 
domain and are shown in Fig. 4(b). A considerable increment 
in the amplitude of the last two peaks, before and after the 
coating process, is observed. This is due to the increment of 
reflectivity (𝑅2 in Fig. 3) of the fiber tip facet due to the 
deposition of the SnO2 thin film. 
In the theoretical model of the SnO2-coated DFFPI, 
described by Eqs. (1)-(3), the reflectance of the last surface 
(R2) depends on the refractive index of external medium, 
among other parameters. After the coating process, the device 
was immersed in different Cargille oils with refraction indexes 
between 1.296 and 1.482, at room temperature, in order to 
demonstrate that R2 
can be modulated by external medium. The reflectance in the 
Fourier domain when DFFPI is presented in Fig. 5(a). The 
augment of the external medium refractive index produced a 
gradual decrement of the amplitude of peaks 2 and 3. 
According to Eq. (3) the diminution of R2, that produced the 
decrement of peaks 2 and 3, will continue while 𝑛𝑒𝑥𝑡 ≤ 𝑛𝑓𝑖𝑙𝑚. 
The calibration curve showed in Fig. 5(b) was obtained by 
calculating RAmplitude, where it is possible to observe a 
noticeable increment in the original RI measurement range of 
the DFFPI from [1, 1.447] to [1, 1.482], but the theoretical 
limit is even larger [1, 𝑛𝑆𝑛𝑂2 ] since according to Ref. [40] 
𝑛𝑆𝑛𝑂2 =1.85.
Fig. 5. (a) Fourier transform of the reflected spectra obtained when DFFPI 
coated with SnO2 was immersed in oils with different RI. (b) Refractometric 
curve response of the device. 
IV. EXPERIMENTAL RESULTS AND DISCUSSION
The experimental setup used to test the response of the 
DFFPIs coated with SnO2 to RH changes is shown in Fig. 6, 
each fiber tip was introduced in a climatic chamber 
(Angelantoni Industries ACS CH 250) and then connected to a 
3-port optical fiber circulator.
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 5 
Fig. 6. Experimental setup for relative humidity measurements. 
The length of the first and the second cavity of the first 
(DFFPI-1) and second (DFFPI-2) device were 𝐿1 = 57.40 𝜇𝑚, 
𝐿2 = 261.32 𝜇𝑚 and 𝐿1 = 65.14 𝜇𝑚, 𝐿2 = 240.23 𝜇𝑚 
respectively. The sputtering process of the DFFPI-1 lasted 20 
seconds while for the DFFPI-2 was 30 seconds. Based on the 
analysis of the time-deposition and the thickness-size made on 
Ref. [13] where the same technique, material and sputtering 
machine were used. We estimated that the thickness of the 
SnO2 film deposited over the DFFPI-1 and -2 was 28 and 
43 nm, respectively. Since the sputtering parameters and the 
position of the fiber tip inside the chamber were exactly the 
same for both samples, the thickness of the SnO2 thin film of 
the DFFPI-2 was thicker. The DFFPIs coated with SnO2 were 
exposed to different humidity conditions at a fixed 
temperature for 1000 minutes. During the test, the optical 
reflectance of the devices was recorded every 20 seconds. 
Each spectrum of the reflectance was transformed into a 
Fourier domain and RAmplitude was calculated. Since the 
RAmplitude was inversely proportional to the RH, the inverse of 
the RAmplitude was used to represents the devices response to 
different humidity conditions. Several cycles from 40 to 90 
RH% were applied to the devices in the climatic chamber 
while the temperature was kept constant to 25 °C. One of these 
cycles is shown in the black graph of the inset of Fig. 7(a) and 
7(b), for DFFPI-1 and DFFPI-2, respectively. The responses of 
the DFFPIs (red graph) are compared with the climatic 
chamber sensor (an electronic sensor). The response of both 
devices is different, the response of the DFFPI-2 (Fig. 7(b)) 
is one order of magnitude larger than that observed with the 
DFFPI-1, the device with thinner film. It can be said that 
sensor sensitivity is directly dependent on the thin film 
thickness. The sensor response for the increments (blue points) 
and decrements (green points) of the RH are shown in Fig. 7(a) 
and 7(b). It can be clearly seen that the dispersion of the 
experimental points, that represent the signal delivered by the 
sensors at a particular RH, is larger in the case of the DFFPI-1 
(Fig. 7(a)). This means that the uncertainty to determine the RH 
of the medium is larger in the device with the thinner SnO2 
film. The temperature response of the DFFPI-1 was measured 
in the range between 25 and 60 °C while the RH was kept 
constant to 38%. Temperature changes affect the dimensions of 
the cavity length of the fiber interferometer; the increment or 
decrement produces a slight shift in the optical spectrum 
that can be measured by analyzing the changes of the FT 
phase. Such 
changes can be seen in Fig. 7(d), obtained with the first device. 
Another important advantage of the sensors proposed here is 
that RH and temperature are measured by using two 
independent parameters of the sensor signal. 
Fig. 7.  Relative humidity response of (a) DFFPI-1 with thinner and (b) DFFPI-
2 with thicker SnO2 thin film. The temporal response of the DFFPIs, compared 
with the response an electronic sensor, are shown in the insets of (a) and (b). (c) 
Temperature monitoring of the DFFPI-1while the RH was fixed.  
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V. CONCLUSIONS
A simple-to-fabricate, robust, and compact optical fiber for 
the measurement of RH was proposed and demonstrated. The 
sensor head consisted of a DFFPI coated with SnO2 thin film, 
deposited over the fiber tip by sputtering. The operation 
principle of the RH sensor is based on the changes of 
reflectance of a SnO2 thin film deposited over the fiber tip 
enface. Such changes produced an alteration of the visibility of 
the interference pattern that was monitored through the 
amplitude of the peaks of the Fourier spectra. On the other hand, 
it was observed that temperature changes produced a 
displacement of the interference pattern monitored as the 
variations in the phase of the Fourier spectra. The dynamic 
range for RH and temperature of the sensors was 40 to 90 RH
% and 25 to 60°C, respectively. All these features make 
this proposal very attractive for real-world applications.  
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